INTRODUCTION
============

Since the osseointegration of titanium has been introduced for the first time by Brånemark,[@B1] the implant has become one of the reliable dental surgical methods that can replace the traditional fixed dental prosthesis as a method of recovering a missing tooth, and subsequently has been used successfully for fully or partially edentulous patients.[@B2] In order for the implant prosthesis to perform a long term function within the mouth, the implant material must be biocompatible. In addition, it is important in terms of the biomechanics to design prosthesis that can adequately distribute stress generated upon the occlusion load within the limit of the load support capability of the supporting bones around the implant and the prosthesis.[@B3]

In the cases of fully or partially edentulous patients, prosthetic recovery using implants supplements and replaces partial and full dentures, and improves masticatory and retention forces, leading to the increase in patients\' satisfaction. Accordingly, the demand of the implant has been increasing even among patients with poor bone quality and quantity that restricts the installation of the implant. However, since an alveolar bone frequently shrinks due to the long term full edentulism or the periodontal disease and generally in such cases, maxilla and mandible tend to be resorbed medially and laterally, respectively, the discrepancy in the positions of alveolar bone between maxilla and mandible results, and subsequently it is often difficult to make normal occlusion.

Stress generated on the implant and nearby supporting tissues by occlusion force has a significant impact on successful osseointegration.[@B4],[@B5] Since the occlusion force is transmitted through the implant to bones upon masticating, the distribution of stress of the occlusion load and the biological response of the body such as the regeneration of the bone can be important factors after implantation. Also, as the osseointegrated implant contacts the alveolar bone and does not allow even minute movement, most of stress concentrates on the alveolar crest. Subsequently, such concentration of excessive stress will result in the osteoclasis (bone resorption) and may further lead to the failure of the implant prosthesis.[@B6] Therefore, to increase the success rate of the implant, the resorption of surrounding bone needs to be taken into consideration, and for this purpose, it is important to consider stress generated on the surrounding supporting tissues. It has been shown that the excessive load on the implant could bring about the marginal bone resorption of the already osseointegrated implant or the loss of its osseointegration.[@B7],[@B8] Accordingly, when planning a treatment, there must be a careful consideration in order to distribute the load generated in the mouth adequately through the implant to the supporting bones.[@B9]

The implant may fail due to the poor hygiene in the mouth, biomechanical elements, bone quality and quantity, and the clinical status of patients. The bone quality and quantity of the implant site are significantly important factors that affect the outcomes of the treatment, and the distribution of stress generated on bones supporting the implant depends on the biomechanical properties of the surrounding bones.[@B10],[@B11] If a top down treatment plan is applied, which installs the implant at the location and angle that can complete the most ideal prosthesis according to the prosthetic-driven implant dentistry, the location of the implant may not be the center of the residual alveolar bone. Although various bone graft techniques must be used in order to produce the prosthesis with the ideal shape, it is not easy to use such surgical methods in clinical settings.

When a tooth is lost, the width and height of the alveolar ridge are reduced, which has been reported for long. Tallgren[@B12] has shown through a long term radiological study on patients with a full denture that the mandibular alveolar ridge displayed 4-fold higher resorption compared to that of the maxilla, and suggested that since the maxillary and mandibular alveolar ridges were resorbed medially and laterally, respectively, the aspect of class III crossbite has been frequently observed. Also, Atwood and Coy[@B13] have reported the resorption rate of the alveolar ridge through radiological cephalometric analysis, and the result was similar to that of Tallgren.[@B12]

If the alveolar bone shrinks due to the prolonged period of edentulism or periodontal problem and subsequently the resorption of the alveolar bone is severe, there are many cases that the implant needs to be installed on the location deviated from the ideal position. In such cases, the implant prosthesis involving cantilevers extending more to the buccal or lingual side is made and due to the bending moment generated by the presence of the cantilever that supports the load, the higher stress than that resulting from the actual load on the implant may be generated.[@B14] Stegaroiu et al.[@B15] has reported that the mesiodistal cantilever model needed to be avoided since it displayed substantially large increase in stress in every case, and Rangert et al.[@B16] has shown that the bending moment in the mesiodistal cantilever model was generated more than two fold compared to the stiffened model. Biomechanical overload may lead to the failure of the implant treatment. To avoid the biomechanical overload, there is a tendency that the cantilever shorter than the theoretical length required for the structure, aesthetics, and function is used.[@B14]

Finite element analysis (FEA) is a method of an engineering analysis using the finite element method (FEM), a type of a numerical analysis. Thus, the numerical analysis of various engineering problems is performed using computer operating software (FEM program) developed on the basis of the theoretical system of the finite element method. The finite element analysis is a method of analyzing parts or assembly to confirm the performance of a product in the engineering field. The FEA process includes making a solid model, calculating the response of the structure (deformation, stress) by generating finite element models in relation to the solid model and the defining the use environment (boundary condition, load condition), and finally showing these by a diagram. As the pre-process, a solid model is prepared, followed by the generation of a FEM model. As the solver process, finite element equations are established and solved, and in the post-process, the analysis result is processed and illustrated in the form easy to understand. Since Weinstein et al.[@B17] used the finite element analysis in the implant dentistry for the first time in the dental field in 1976, it has been frequently used to analyze stress on surroundings of the implant, and the accurate application of the FEA has been possible owing to the continuing research. However, such FEA is the qualitative analysis that does not give the level of stress that may lead to the bone resorption and reformation, and therefore has significant limitations in terms of quantitative evaluation.

In this study, the stress distribution generated on the cortical bone, the cancellous bone, and the implant fixture, abutment and screw was observed using the 3-dimensional finite element method for the 2 cases that the vertical loads were applied to the central fossa and the oblique loads were applied to the lingual cusp at 30° with a crown that had the increased lingual side during the non-working movement, and discussed the implication.

MATERIALS AND METHODS
=====================

In this study, the modeling was based on the missing segment of the right posterior mandible. A mandible block model was fabricated to have a regular shape with the height of 23 mm, mesiodistal width of 20 mm, the maximum buccolingual width of 15 mm and the uniform thickness of the cortical bone by scanning bones in the area of right molar teeth using a CT and extending this shape in the direction of the cross-section. The mandible model consisted of the cortical bone and the cancellous bone, modeled in a simple shape to set a uniform thickness of the cortical bone at 2 mm. Crown was modeled to have a dimension of the height of 10.5 mm, the mesiodistal width of 10 mm, and the buccolingual width of 13 mm, which was extended in the lingual direction by 4 mm to ensure the application of offset loads of 2, 3, 4, 5, 6, and 7 mm on the lingual side. The top occlusal plane was modeled to a shape of a simple cusp. The implant was modeled by measuring the US II system (Osstem Implant, Pusan, Korea) that is an external type implant with the dimension of the 5.0 mm diameter and the 11 mm length. All models used in this study were generated using SolidWorks (DS SolidWorks Corp., Waltham, MA, USA), a commercial 3-dimensional CAD.

The modeling was performed such that there was no choice but to add lingual offset to the mandibular implant crown where the resorption of the maxillary buccal and mandibular lingual alveolar bone was severe. Firstly, Model v0 was assigned to the case that the vertical load of 300 N was applied on the center of the implant, followed by Models v2 to v7 corresponding to the vertical loads offset to the lingual side at 2, 3, 4, 5, 6, and 7 mm, respectively. Secondly, Model o0 was assigned to the case that the oblique load of 300 N at 30° which can be intermittently applied during non-working movement was applied on the center of the implant, and likewise, Models o2 to o7 were assigned to the oblique loads offset to the lingual side at 2, 3, 4, 5, 6, and 7 mm, respectively. Together, a total of 14 cases were modeled ([Table 1](#T1){ref-type="table"}).

The finite element analysis was carried out using COSMOSWorks (DS SolidWorks Corp., Waltham, MA, USA) and finite elements applied here were generated by the 10-node tetrahedral quadratic solid element. In the result of the finite element analysis, since the maximum stress might be varied depending on the size of finite elements, the size of basic elements was set to be 1 mm considering the convergence according to the size of elements, and fine elements with the size of 0.3 mm were used for the implant structure, and its surrounding cortical and cancellous bones to increase the analytical accuracy. The finite elements of bone formed detailed mesh of the implant connection area where stress was concentrated. Here, the shape of the screw at the fixture was transformed in consideration of the axis symmetry without losing its screw-like form, and integrated into the mesh. Also, the symmetry was taken into consideration by removing the cutting edge of the fixture and the alignment surface of the abutment ([Fig. 1](#F1){ref-type="fig"}, [Table 2](#T2){ref-type="table"}).

Main material properties of the cortical bone, cancellous bone, fixture, abutment, screw, and crown used for the finite element analysis in this study such as the elastic modulus and Poisson\'s ratio were obtained on the basis of the previous researches[@B18],[@B19],[@B20],[@B21] and shown in [Table 3](#T3){ref-type="table"}.

Although actual bone displays different properties in the direction of x-, y-, and z-axes, respectively, and the bone quality (D1 - D4) is also different depending on the location, the isotrope was assumed such that physical properties of the material were assumed to be identical in 3 directions to simplify the analytical model. Furthermore, the plasticity of the implant material was not considered but the linear elasticity was taken into consideration. Bone and the thread of the screw of the implant were presumed to be bonded to each other on the basis of the premise of the complete osseointegration.

Two load conditions were employed for the analysis: 1) the vertical load was applied to the center of the implant, which considered the case that the vertical occlusal force was applied. 2) The oblique load at 30° from the lingual to buccal side was applied to the lingual cusp, which considered the non-working movement of the mandible or the lateral elements of the force exerted by the slope of the cusp. Therein, the magnitude of the loads was 100 N respectively, and a total of 300 N. In addition, if the load was applied to a particular point, a singular point where extraordinarily large stress is generated might emerge and subsequently it was designed that the distributed load would be exerted on the circular area with the diameter of 0.5 mm.

As for the boundary condition, since the principal aim of this study is to observe the distribution of stress according to the distance of the load from the center of the installed implant, the degrees of freedom of the bottom part of bone in the Ux, Uy and Uz directions were restricted ([Fig. 2](#F2){ref-type="fig"}).

As for the stress result, efficient stress was represented using the stress contour plot.

RESULTS
=======

This study considered a total of 14 models, with 7 models of the vertical load applied upon the central fossa of the tooth and 7 models of the oblique load applied upon the lingual cusp tip according to the load conditions. Since the created finite element model is symmetrical relative to the central cross-section in the mesiodistal direction, stress data were obtained by averaging maximum stress values of 2 implant sites.

As the location of the vertical load was offset by 1 mm each time in the lingual direction, stress upon the cortical bone increased linearly in proportion to the distance of the offset load and that upon the implant increased linearly as well. On the other hand, in case that the location of the oblique load was offset by 1 mm each time in the lingual direction, stress upon the cortical bone gradually became smaller, and nearly uniform compressive stress was shown when it was offset by 7 mm. However, when the location of the oblique load was offset by up to 4 mm from the center of the implant, strong compressive stress appeared on the buccal side of the implant and its magnitude decreased. On the contrary, when the offset distances were 6 and 7 mm, strong compressive stress was generated on the lingual side, and the magnitude of stress became larger as the distance increased. Therefore, the smallest stress was generated at the offset distance of 5 mm in the case of the oblique load ([Table 4](#T4){ref-type="table"}).

For the stress around the cortical bone under vertical load, uniform compressive stress was generated at the upper cortical bone where the implant fixture was installed in case that the vertical load was applied upon the center of the implant (Model v1). When the vertical load was offset by 1 mm each time in the lingual direction from the center of the implant, the clockwise bending moment was generated and compressive stress was shown at the upper lingual side of the cortical bone around the implant. Also, tensile stress was shown in the opposite direction ([Fig. 3](#F3){ref-type="fig"} and [Fig. 4](#F4){ref-type="fig"}).

For the stress around the implant system under vertical load, the distribution of stress was shown to be similar to the pattern of stress applied upon the cortical bone for each model and loading condition. Uniform compressive stress appeared in the longitudinal direction of implant fixture, abutment, and screw when the vertical load was applied upon the center of the implant (model v0). When the vertical load was offset by 1 mm each time in the lingual direction from the center of the implant, the clockwise bending moment occurred. Subsequently, strong compressive stress was generated on the lingual side of the connection area of the implant fixture, abutment, and screw while tensile stress appeared in the opposite direction. As the location of the vertical load was offset by 1 mm each time, stress increased linearly in proportion to the distance of the offset load ([Fig. 5](#F5){ref-type="fig"} and [Fig. 6](#F6){ref-type="fig"}).

For the stress around the cortical bone under oblique load, strong compressive stress was generated on the buccal side of the upper cortical bone around the implant when the oblique load was applied on the center of the implant (Model o0). Stress was gradually reduced when the oblique load was offset by 1 mm each time to the lingual direction from the center of the implant, and the nearly uniform compressive stress was generated in the case of the offset load applied at 7 mm from the center ([Fig. 7](#F7){ref-type="fig"} and [Fig. 8](#F8){ref-type="fig"}).

For the stress around the implant system under oblique load, it was shown that strong compressive stress was generated on the buccal side of the implant fixture, abutment and screw, and its magnitude decreased when the location of the oblique load was offset by up to 4 mm from the center of the implant. When the distance where the offset load was applied was 6 and 7 mm, on the contrary, compressive stress was generated on the lingual side, and the magnitude of the stress became larger with the increasing distance. The smallest stress was observed when the distance of the offset load was 5 mm ([Fig. 9](#F9){ref-type="fig"} and [Fig. 10](#F10){ref-type="fig"}).

DISCUSSION
==========

For successful implant prosthesis, the occlusal force applied must be distributed effectively by the implant and transmitted to bone. Sertgöz et al.[@B22] and Yokoyama et al.[@B23] have reported that when 2 implants were installed and cantilever-fixed prostheses were placed, increasing stress was applied on the implant fixture and abutment gradually with the increase in the extension of the cantilever, and Iplikçioğlu et al.[@B24] also have shown that when the cantilever prostheses were installed in the posterior mandible using the short implant, stress applied upon the implant became larger with the increase in the length of the cantilever.

The occlusal force (100 N - 565 N) with various magnitudes and directions was assumed and applied in previous studies.[@B25] However, since the occlusal force and stress are in a linear proportional relationship in which stress becomes larger with the increase in the occlusal force, and the principal aim of this study is the relative comparison of stresses generated on the bone and implant depending on the distance of offset loads, the direction of loads was set to be perpendicular to the central axis of the implant and tilted at 30° relative to the lingual cusp, and its magnitude was 300 N.

In the case of the mesiodistal cantilever prosthesis, it has been shown in previous studies that the increase in stress became larger with the increase in the length of the cantilever. As such, this study was conducted with the assumption that stress applied upon the implant would increase in proportion to the rate of increase of the length of the lingual cantilever of prosthesis.

In the case that the vertical load was applied upon the central axis of the implant (Model v0), since there was no horizontal component of force and the vertical load was identical with the central axis of the implant, the moment was zero and thus, uniform compressive stress was exerted around bone and the implant. In the case that the location of load was offset to the lingual side by the increment of 1 mm, although horizontal component of force did not exist, the clockwise bending moment was generated by the distance between the vertical load and the central axis of the implant, and subsequently, compressive stress and tensile stress were exerted on the lingual and buccal sides, respectively. In addition, as the offset of the location of loads became larger, the moment and thereby the magnitude of stress also proportionally increased.

In the case that the oblique load was applied upon the central axis of the implant (Model o0), while the vertical component of force is identical with the central axis of the implant, which did not generate the moment, the counter-clockwise bending moment was generated due to the horizontal component of force and thus compressive stress and tensile stress were exerted on the buccal and lingual sides, respectively, around the bone and the implant. In Model o5 where the location of the oblique load was offset to the lingual side by 5 mm, the counter-clockwise bending moment due to the horizontal component of force and the clockwise bending moment due to the distance between the vertical component of force and the central axis of the implant occurred simultaneously, canceling each other, and subsequently, the least stress upon the implant was observed. Among the implant, abutment and screw, the effect of stress reduction was largest at the implant. It is because the implant comes in the direct contact with alveolar bone having low elastic modulus, and has the advantage of shock-absorbing against the vertical component of force. In Model o7 where the offset of the oblique load was larger than 5 mm, while the counter-clockwise bending moment was identical to those with the offset of 5 mm or less, the clockwise bending moment increased substantially, leading to the generation of tensile stress upon the buccal side and compressive stress upon the lingual side around the implant, which was opposite to Model o0, and the magnitude of stress increased compared to Model o5. Therefore, the smallest stress was observed with the oblique load at 5 mm from the center.

When the vertical load was applied, compressive and tensile stresses appeared upon the cortical bone alternately in the direction of the implant, and compressive stress was dominant at the top of the cortical bone where the maximum stress was generated. Weinberg[@B26] suggested that most of force would be concentrated on the alveolar crest rather than being distributed through the surface of the implant, and similarly, Clelland et al.[@B27] indicated that the maximum stress concentrated on the alveolar ridge of the cortical bone and stress would be decreasing as the cortical bone layer is becoming thicker. As the location of the vertical load was getting offset by 1 mm, stress would increase in linear proportion to the distance of the offset load since the bending moment on the bone increased. Just as Rangert et al.[@B28] suggested in relation to the implant axis that the offset load of the vertical occlusal force in the buccal direction resulted in the increased bending on the implant, it is presumed that stress seemed to concentrate on the one side due to the generation of the bending moment.

Maximum stress was observed on the cortical bone at the area of implant\'s first thread, and stress did not concentrate on the cancellous bone, which is consistent with the results of Lum et al.[@B21],[@B25] Misch[@B29] showed that most of stress concentrated on the cortical bone and the influence of the cortical bone was predominant in providing the initial stability. In addition, he suggested that stress appearing on the cancellous bone was 10 fold less than that on the cortical bone and subsequently, the magnitude of the former had neither physical nor clinical significance. The maximum stress on the implant appeared around the fixture connecting the abutment or the screw of the abutment.[@B30],[@B31],[@B32]

Since the implant model used in this study was a system of an external connection type, it could be seen that the maximum stress was generated on the bottom part of the abutment connected to the fixture. In the external connection type, the external force exerted on the abutment is transmitted to the alveolar bone via the fixture connected to the abutment by a screw. At this moment, the maximum stress is generated on the connection area between the top of the fixture and the interior of the abutment. In the internal connection type, since the external force exerted on the abutment is transmitted by clamping force of the screw and the friction of the fixture collar, the maximum stress is generated in the interior of the fixture collar that is clamped with the abutment, and also on the screw of the abutment.

The finite element analysis requires sufficient understanding of the simplification and assumption necessary to make a model, and it has limitations that it is difficult to reproduce the actual anatomical structure and the irregularly distributed bone quality, and the deep knowledge of mechanical engineering and extensive experience are needed for the good result. Recently, various imaging programs have been introduced that can configure 3D models by layering image data obtained by CT scanning and use the distribution of the bone quality accurately for the finite element model by utilizing x-ray absorption rates. These advances are expected to enable more realistic simulations in the future.

As stated above, when there are difficulties in making normal occlusion due to the severe resorption of the alveolar bone and subsequently, the buccolingual cantilever cannot be avoided, the cantilever designed to take the load offset by 5 mm from the center of the implant is likely to minimize a harmful load, assuming that the cusp angle of the antagonist teeth is 30°, and prosthesis height is 10.5 mm with the oblique load at 30° from the intermittent nonworking movement. However, since the difference is expected to depend on the height of the prosthesis, additional studies with the various clinical settings are necessary.

CONCLUSION
==========

From the three dimensional finite element analysis of lingual cantilever implant prosthesis with increasing offset, the following conclusions could be drawn. As for the location of the vertical load, the maximum stress generated on the lingual side of the implant became larger as the distance of the offset load increased. When the oblique load was applied at 30°, the maximum stress was generated on the buccal side and its magnitude gradually decreased when the location of the load moved away until the clockwise and counter-clockwise bending moment became equal. After that point, the magnitude of stress increased gradually as the distance of loading point increased away from the implant center.
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![3D models used in this study. (A) Implant prosthesis with various level of lingual cantilever, (B) FE mesh of external connection type implant system, (C) isometric and sectional view of 3D model.](jap-6-361-g001){#F1}

![Loading condition and boundary condition. Three points of 100 N each were applied evenly forming the circular area with the diameter of 0.5 mm.](jap-6-361-g002){#F2}

![Maximum von-Mises stress around cortical bone under vertical load.](jap-6-361-g003){#F3}

![Distribution of von-Mises stress around cortical bone under vertical load.](jap-6-361-g004){#F4}

![Maximum von-Mises stress around implant components under vertical load.](jap-6-361-g005){#F5}
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![Maximum von-Mises stress around implant components under oblique load. In case of model o4, o5, and o6, the stress decrement at the implant was larger than that at the abutment and screw. And the model with the lingual cantilever of 5 mm (model o5) was most affected.](jap-6-361-g009){#F9}

![Distribution of the von-Mises stress around implant components under oblique load. (A) Implant fixture, (B) abutment, (C) screw.](jap-6-361-g010){#F10}

###### 

Experimental design in this study

![](jap-6-361-i001)

###### 

Number of elements and nodes used in this study

![](jap-6-361-i002)

###### 

Material properties in this study

![](jap-6-361-i003)

###### 

Summary of the maximum von-Mises stress in this study (MPa)

![](jap-6-361-i004)

[^1]: ^+^Ji-Man Park and Hyun-Joo Kim equally contributed to the works described in this manuscrpt.
